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Topological phase of matter is a central issue in recent condensed matter physics. It is characterized by the nontrivial electronic band topology which causes the emergent electrical, magnetic, and optical properties of solids (1, 2) . One of the important topics in this field is the search for the phase control between topologically trivial phase and topologically nontrivial phase. Such a topological phase transition is generally realized by changing the chemical composition of compounds (3) (4) (5) (6) (7) or by applying the external field such as the magnetic field, electric field (8) or pressure (9) (10) (11) . Although it can be directly probed by the angle resolved photoemission spectroscopy in the former case, optical or transport measurements and comparison with the theoretical calculations are necessary for verifying the topological phase transition induced by external fields.
An elemental substance is an ideal platform to study characteristic properties of topological phases and topological phase transition since it has a simple crystal or band structure and we can easily compare it with theoretical calculations (12) (13) (14) (15) (16) (17) . Since the spin-orbit interaction often plays the key role for the band inversion and the emergence of the topologically nontrivial phase, elemental substance with large spin-orbit interaction can be a potential candidate. For example, topological nature of electronic bands has been discussed in Bi, Sb and As so far (12) (13) (14) (15) . Tellurium is also a potential elemental substance with strong spin-orbit interaction. Figure 1A shows the crystal structure of tellurium. Helical chains along the z axis are arranged via weak van-der-Waals interaction in a hexagonal array. Depending on the chirality of helical chains, it belongs to the space group P3 1 21 or P3 2 21. At the ambient pressure, Tellurium is a p-type semiconductor in which electronic and optical properties are mainly dominated by the valence and conduction band around H point in the hexagonal Brillouin zone (Fig. 1B) . Previous studies clarified the characteristic camel-back-like valence band dispersion with minimum energy E c at H point (Fig. 1C left) and that strong spin-orbit interaction should be taken into account to explain the transport and optical properties (18). 5 Observation of the current induced magnetization due to the chiral structure has been reported (19) and Te is known also as a good thermoelectric material with high figure of merit due to its valley degeneracy and band nesting (20) .
Recently, topological nature of Te band is attracting renewed interest due to its noncentrosymmetric crystal structure and strong spin-orbit interaction (21-23). First principle calculation predicts that elemental Tellurium shows the topological phase transition under pressure (23). Under the application of pressure, characteristic camel-back-like valence band dispersion first disappears (Fig. 1C middle) , turning into the normal parabolic band dispersion. With increasing the pressure, band gap continuously shrinks so that valence band and conduction band finally touch at the points around the H point ( In this study, we have probed the topological phase transition in elemental Tellurium through electric transport, especially focusing on the Shubnikov-de Haas (SdH) oscillations. Periods of SdH oscillations, as well as phases, sensitively change by pressure, reflecting the pressure-induced band deformation. In a sample with low carrier density, periods of SdH oscillations show an anomalous jump around P = 0.5 GPa, which is consistent with the theoretically-predicted pressure-induced Lifshitz transition (See Supporting Information).
Furthermore, non-monotonous pressure dependences of SdH oscillation periods and phases have been observed in all samples irrespective of carrier density, which can be well 6 understood by the characteristic Fermi surface deformation and Berry phase change during the topological phase transition. Our results represents that elemental tellurium is one of the model systems which show the topological phase transition from a semiconductor to a Weyl semimetal and SdH oscillations can be a sophisticated probe to detect the band deformation and resultant topological phase transition.
Results and Discussion
In Figs. 2A and 2B, we show the magnetoresistance (R zz ) and Hall effect (R xz ) of sample 1 under various pressures. In this work, we mainly applied the magnetic field perpendicular to the natural growth surface (zx-plane) and current direction is fixed to be the z-axis. , where , ℏ, and Δ(1/ ) are electron charge, Plank's constant and the period of the oscillation, respectively. 7 At the ambient pressure, S F calculated from the oscillation period is 0.526 × 10
indicating that Fermi energy of sample 1 locates above the minimum of the camel-back-like valence band dispersion (E c ) (See Supporting Information.). As we increase the pressure, each peak in oscillations first shows the systematic change ( Fig. 2C region 1 ) but suddenly splits into two peaks around P = 0.5 GPa (Fig. 2C region 2) . At this pressure, S F estimated from the period of SdH oscillations is almost doubled as shown in Fig. 2E (region 1 and 2 ).
This split of SdH oscillation and anomalous jump of S F is considered to be the signature of pressure-induced Lifshitz transition. As predicted by calculations (Fig. 1C) After this Lifshitz transition, SdH oscillations again show the systematic change with pressure, showing another anomaly around P = 2 GPa (Fig. 2E) ; when the pressure is below 2 GPa, S F decrease with pressure (region 2) while it turns upward above P = 2 GPa (region 3).
This anomaly is considered to be caused by the band touching predicted by calculations.
Before the band touching occurs, Fermi surface is becoming more 3D-like and isotropic by applying the pressure so that Fermi surface is elongated along the k x and k y direction while it shrinks along the k z direction. Therefore, cross-sectional area of the Fermi surface perpendicular to the magnetic field (k z -k x plane) decreases mainly reflecting the elongation along the k y direction (second and third schematics in We note that Hall coefficient is also affected by the pressure in sample 1 (Fig. 2B) , which indicates the carrier increase under pressure. It might be because that carriers trapped by the defect levels are released under pressure, causing the increase of the carrier density toward P = 2Gpa (Fig. 2B) . However, the increase of the carrier density cannot explain the observed decrease of S F so that pressure dependence of S F does not come from the carrier density change but can be mainly attributed to the pressure-induced band deformation. It is also noted that Hall coefficient is almost unchanged above 2 GPa. In Supporting Information, we According to the oscillation period, the Fermi level of sample 2 is estimated to locate below E c at the ambient pressure (See Supporting Information.). Differently from sample 1, S F does not show an anomalous jump around P = 0.5 GPa (Fig. 3E ). This means there is no pressure-induced Lifshitz transition in sample 2, being consistent with E F < E c . Nevertheless, pressure dependence of S F still shows the upturn around P = 2 GPa (Fig. 3E ) similarly to the sample 1, indicating that topological phase transition from a semiconductor to a Weyl 9 semimetal (Fig. 3F ) is successfully probed also in sample 2. We have confirmed that similar behavior can be observed in other two samples with Fermi energy below E c at the ambient pressure (Sample 3 and sample 4. See Supporting Information.). Intercept in the index plot shows crossover behavior around P = 2 GPa also in sample 2, corroborating the above scenario of topological phase transition (See Supporting Information).
Finally, we discuss the pressure variation of the effective mass of sample 2. In Figure 4A , oscillating components of sample 2 under P = 3 GPa at various temperatures are displayed.
Magnitude of the oscillations decreases with increasing the temperature, which is plotted in 
Transport measurements.
Resistivity and Hall effect have been measured with the use of a physical property measurement system (Quantum Design, Inc.). Hydrostatic pressure is applied by using a piston-cylinder pressure cell and Daphne 7474 (pressure-transmitting medium). We applied the magnetic field perpendicular to the natural growth surface (zx-plane) and current direction is parallel to the z-axis.
First principle calculation.
Our calculations are based on the density function theory (DFT) in the local density approximation (LDA). We calculate the fully-relativistic electronic structure by a first-principles code QMAS (Quantum MAterials Simulator) based on the projector augmented-wave method. The plane-wave energy cutoff is set to 40 Ry, and the 6×6×6 k-mesh is employed. We evaluate the self-energy correction in the GW approximation (GWA) (34, 35) using the full-potential linear muffin-tin orbital code (36, 37). In the GWA, we neglect the spin-orbit interaction (SOI). The 6×6×6 k-mesh is sampled and 51×2 unoccupied conduction bands are included, where ×2 is the spin degrees of freedom. We 
Sample information
In Table S1 , we show the carrier density Hall estimated from Hall effect, mobility (P = 0 GPa) and (P = 3 GPa) at T = 2 K, cross-sectional area of the Fermi surface S F calculated from period of SdH oscillations, and corresponding Fermi wave number k F or effective carrier density n eff under ambient pressure for each sample. In the calculation of k F or n eff , we assumed the simple isotropic linear band dispersion and several relations between parameters (based on the discussion in Nat. Mater. 14 280 (2015)). We note that such an assumption is no longer valid in this system with large anisotropy and rather complex band structure. We also show the calculated carrier density cal and S F at E F = −1, −3, and −5 meV in Table S2 . Experimentally obtained values of n and S F in Table S1 show the similar values at E F = −1 meV for sample 1 and E F = −5 meV for sample 2~4, respectively (Fig. S2) . Thus, we discuss the qualitative behavior of the pressure-induced topological phase transition by using the calculated values for E F = −1 meV (sample 1, Fig. 2F ) and E F = −5 meV (sample 2, Fig. 3F ).
25 Table S1 . Carrier density Hall estimated from Hall effect, mobility (P = 0 GPa) and (P = 3 GPa) at T = 2 K, cross-sectional area of the Fermi surface S F calculated from period of SdH oscillations, and corresponding Fermi wave number k F or effective carrier density eff under ambient pressure for each sample. 
